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leading to buckled structures instead of a planar one. These buckled structures could modulate the vibrational
properties of these 2D materials by introducing a strain effect. In this review, the authors focus on the recent
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properties. Several factors affecting the vibrational modes are discussed, including the strain, doping, coverage
and defect effects. Furthermore, the relationship between electron-phonon coupling strength and these
factors is established based on the variation of Raman peak position and linewidth. Finally, the authors
provide an overview of the general outlook and challenges for this field.
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Abstract
Two dimensional (2D) group IV elemental materials are expected to have similar electronic
features to their lightest analogue, graphene. The favorable hybridization state of heavier group IV
elements is the sp3 state, leading to buckled structures instead of a planar one. These buckled
structures could modulate the vibrational properties of these 2D materials by introducing a strain
effect. In this review, we focus on the recent research on the Raman spectra of silicene and
germanene from both the theoretical and experimental sides. Several factors affecting the
vibrational modes are discussed, including the strain, doping, coverage, and defect effects. Finally,
we provide an overview of the general outlook and challenges for this field.
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Introduction
Graphene, an ideal two-dimensional (2D) material with a honeycomb lattice, has evoked
tremendous interests since it was first isolated in 2004, as it is the building block of other carbon
allotropes. Its chemical stability, ballistic transport at room temperature, and linear
energy-momentum dispersion make it a promising candidate for nanoelectronic applications,
especially for high-frequency and low-consumption field-effect transistors (FETs).1 The most
widely used and powerful identification and characterization tool for graphene is Raman
spectroscopy, which promises unambiguous, high-throughput, and nondestructive identification.2
The Raman results provide not only the phonon vibrational information, but also information on the
electronic features through the electron-phonon coupling (EPC).3-5 The internal/external factors,
such as defects, doping, strain, varied layer numbers, and electric/magnetic fields, modulate the
electronic structure of graphene and further affect the positions, intensities, and widths of the
Raman peaks.5-18 Thus, all these observed effects could be better understood after careful and
comprehensive interpretation of the Raman spectrum. In fact, the two inequivalent carbon atoms per
unit cell of graphene contribute six normal modes at the Brillouin zone center Γ: A2u (one
degenerate out-of-plane acoustic mode) + B2g (one degenerate out-of-plane optical mode) + E1u
(two degenerate in-plane acoustic mode) + E2g (two degenerate in-plane optical mode), as shown in
Figure 1. The typical G peak located at ~1580 cm–1 corresponds to the Raman active E2g phonon at
the Γ point.2 Its position shows a monotonic trend with increased carrier doping due to the increased
onset energy of G band decay into electron-hole pairs.10 The peak located at ~1350 cm–1 is
correlated with the breathing A1g modes of six-atom rings, and comes from transverse optical (TO)
phonons around the Brillouin zone corner K,19 as displayed in Figure 1. This so-called D peak
requires the non-zero phonon wave vector to be activated by the defects, and thus shows a strong
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dependence on the defect densities.20 In addition, the double resonance corresponding to the A1g
mode is an intervalley process connecting two different cones around K and K′, leading to the
stronger/weaker D peak at the armchair/zigzag edge, respectively, and providing criteria to
determine the charity nature of the different edges.21,22 In addition, the low frequency E2g mode
located at ~42 cm-1 is related to the interlayer motions and provides criteria for the determination of
the layer numbers.23
The other group IV elemental 2D materials, silicene and germanene, were first studied by
theoretical predictions due to the absence of their layered bulk allotropes. Unlike the planar
honeycomb network of sp2 hybridized carbon atoms in graphene, the atomic arrangements of these
2D materials are mostly buckled/puckered hexagonal structures due to the varied interatomic
distances.24,25 The buckled structure could weaken the lateral overlapping of pz orbitals, resulting in
mixed sp2/sp3 hybridized states. The simulated electronic structures show a tunable energy gap in
addition to the Dirac cone for these novel 2D materials due to the enhanced spin-orbit coupling
strength, leading to the possible realization of a quantum spin Hall effect (QSHE) at room
temperature.24 Recently, silicene and germanene have been successfully synthesized by using
molecular beam epitaxy (MBE) with support of underlying substrate.26,27 The interaction between
the 2D materials and the substrate plays a crucial role in stabilizing the special 2D structures, and
determines the buckled structures and correlated electronic properties, contributing to the abundant
vibrational modes among the varied superstructures.
This review focuses on the Raman studies of the recently explored group IV elemental 2D
materials, silicene and germanene, from both the theoretical and the experimental points of view.
The effects of strain, doping, coverage, and defect effects on the Raman spectrum are
comprehensively discussed. Meanwhile, the relationship between the EPC and Dirac fermions is
3

illustrated through Raman scattering, which provides a direct route to investigate the exotic
properties of these buckled two-dimensional honeycomb materials.
Silicene
Silicene is expected to have similar electronic features to its lightest analogue graphene, and
the Dirac cones are located at the K and K′ points of the silicene Brillouin zone (BZ). The
calculated free-standing (FS) silicene shows a honeycomb geometry with the silicon atoms
alternatively buckled down and up, as shown in Figure 2(a), where the degree of buckling is around
0.44 Å and the bond length is 2.28 Å.24 The simulation results show the characteristic E2g peak is
located at around 570 cm−1 (Figure 2(b)).28,29 This value is much larger than that in bulk Si(111)
(~520 cm-1),30 which may have resulted from significant variation of the silicon bond length
between FS silicene and silicon. In fact, the long-wavelength optical phonon E2g mode in silicene is
predicted to be strictly dependent on the Si-Si bond length as well as the buckling height, i.e., the
frequency of the E2g peak decreases as the degree of buckling and bond length increase.31
Experimentally, silicene has been successfully grown on Ag(111),26,32-39 Ir(111),40 Ru(0001),41
ZrB2(00001),42 MoS2,43 and h-MoSi2 substrates,44 and has been formed in the intercalation
compound CaSi2. 5 The most commonly used substrate for the fabrication of silicene is Ag(111), in
which the abundant superstructures are identified by varying the silicon coverage and substrate
temperature.32 The mixed phase, √13×√13/4×4 with respect to 1×1 Ag (111), is formed in the first
layer of the silicon nanosheet, as shown in Figure 3(a) and (b). The atomic structural modes of these
two phases are plotted in Figure 3(d) and (e), where only one out of fourteen silicon atoms occupies
the highest plane for √13×√13 phase, while there are six out of eighteen silicon atoms buckled up
for 4×4 phase. Ex-situ Raman measurements were first performed on this mixed phase after
covering it with an Al2O3 capping layer at room temperature.46 Based on the density functional
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theory (DFT) calculations for each superstructure, the first-order asymmetric peak located at 516
cm-1 is interpreted as the zone-centre E2g vibrational mode, corresponding to the bond stretching of
all sp2 silicon atoms. It shifts to a lower wavenumber compared with FS silicene due to the tensile
strain originating from the buckling structure. The broad and asymmetric shoulder located at
440-500 cm-1 is attributed to the A1g mode activated by the intrinsic substrate-induced disorder.
Comprehensive information on the samples may not be completely reflected, however, due to the
possible oxidization and strong influence of the capping layer during the ex-situ measurements. The
details of the phonon modes and their relationship to the silicene electronic properties are still
unclear. Thus, an in-situ Raman study on silicene under ultrahigh vacuum (UHV) is highly desirable
for identifying silicene in different phases and revealing the origins of its exotic properties.
In situ Raman spectroscopy on silicene layers epitaxially grown on Ag(111) surfaces with
different phases was first conducted by Zhuang et al.47 The E2g peak is at 530 cm-1 for the mixed
phase measured at 77 K. The obvious blue-shift of the E2g peak frequency in the mixed phase
compared to that in Si(111), as shown in Figure 4(a), is solid evidence for distinguishing the silicene
layers from the building blocks of bulk Si(111) crystal. The shoulder peak from 495 cm-1 to 508
cm-1 is most likely attributable to a quantum confinement effect similar to those in microcrystalline
silicon and silicon nanowires.48,49 Similar results have also been reported by Díaz Álvarez et al,50
indicating that the silicene orbitals rather behave as distorted sp3 hybrid orbitals. Furthermore, the
peak at 230 cm-1 shows a strong polarization direction and is correlated with the out-of-plane
displacement of Si-atoms, a vibrational mode that is supported by the buckling.51,52 The blue-shift
of the E2g peak and the presence of the out-of-plane optical mode can be explained by the strong
interaction between the Si adlayer and underlying Ag(111) substrate. Such a significant interaction
is consistent with the angle-resolved photoemission spectroscopy (ARPES) measurements, where a
5

hybrid surface metallic state is formed by the first layer silicene and the Ag(111), leading to the
absence of Dirac fermion characteristics.37,53,54
Another superstructure, √3×√3 phase in terms of 1×1 FS silicene, is present from the second
layer, in which two out of six atoms are buckled up in one unit cell (Figure 3(c) and (f)). It is
noticeable that a quasiparticle interference (QPI) pattern and Dirac cones have been detected by
scanning tunnelling spectroscopy (STS) and ARPES measurements, respectively.33,34,47,55-57 Thus,
the √3×√3 phase is closest to the FS silicene and preserves the Dirac fermion characteristics, which
may be due to its low degree of buckling.58 Interestingly, the intensity of the E2g mode peak in
√3×√3 phase is significantly enhanced compared to that in √13×√13/4×4 mixed phase, as shown in
Figure 4(b). Since the E2g vibrational mode corresponds to the bond stretching of all sp2 silicon
atoms, the higher E2g peak intensity implies that the sp2 state is a more dominant component in
√3×√3 phase, which agrees well with the structural and electronic properties of √3×√3 phase
measured by scanning tunnelling microscopy (STM) and ARPES, as discussed above. Nevertheless,
the E2g peak position (526 cm-1 to 530 cm-1) is far away from that of its FS counterpart (~570 cm-1)
(Figure 4(c)). There are two factors contributing to the E2g peak shift. One is the tensile strain effect
evoked by lattice mismatch between the silicene and the substrate, leading to the redshift in the
peak frequency.47 The average Si-Si bond length in the √3×√3 superstructure is around 2.35 Å,
giving a tensile strain of 5% compared to that of FS silicene (~2.24 Å), which softens the peak
position of E2g mode from 570cm-1 (FS silicene) to 530cm-1 (low-buckled silicene). The other one is
the electron doping effect from the underlying Ag(111) substrate, which is verified by the ARPES
results, with the Dirac point located at around 0.3 eV below the Fermi level.34,47,56 The Fermi energy
level determines the onset energy of virtual electron-hole pairs that renormalize the E2g phonon
energy.10 It should be noted that the E2g could be defined as a characteristic phonon mode in EPC
6

matrix elements, and could be applied to evaluate the EPC strength which is determined by electron
density of states and the mean electron-phonon coupling potential at the Fermi level.59 The
enhancement of EPC strength could be up to 20% according to the E2g peak shift from 570 cm-1 (FS
silicene) to 525 cm-1 (√3×√3 silicene).
In addition to the variation of the E2g peak, five distinct Raman peaks in the low frequency
region (220-470 cm−1) were observed in the √3×√3 phase (Figure 5(a)). The intensities of these
peaks show a strong dependence on the coverage of √3×√3 phase, while their intensity ratios are
almost the same regardless of the coverage. Thus, the origin of these five peaks should be the same
and is ascribed to the edges.47 For the honeycomb structure, there are two edge types, zigzag and
armchair, as shown in Figure 5(c) and (d). In graphene, the armchair and zigzag edges inducing the
intervalley and intravalley scattering of the quasiparticles in Dirac cones correspond to the
Raman-active D and D′ peaks, respectively.60,61 Due to the low-buckled structure of silicene, the
structural symmetry is further reduced in contrast to planar graphene. Thus, more edge types are
expected to exist in √3 ×√3 silicene layers, leading to the presence of more edge-induced Raman
peaks (denoted as D1 to D5).
After tremendous work on Raman spectra, this technique has come to be regarded as a
powerful and convenient tool to identify the quality of silicene. A related application has been
dedicated to monitoring the possible degeneration of silicene-based electric devices.62 The stability
of silicene in air has been investigated in detail by ex-situ Raman measurements. For multilayer
silicene covered by an Al2O3 capping layer, only mild surface oxidation is identified after 24 h
exposure in air.46 Ex-situ Raman spectra of bilayer silicene as a function of exposure time were
examined by Du et al.56 The intensity of the E2g peak decreases with increasing exposure time,
combined with an intensified signal of the SiOx peak. Importantly, the E2g peak survives in the
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Raman spectra until the sample has been exposed to ambient air for more than 150 h. Moreover,
preservation of the silicene–Ag interface during transfer and subsequent device fabrication has
proved to be an effective method during the encapsulated delamination transfer process, where the
Raman signals taken 7 days after transfer remain the same as for the freshly grown sample.62 Thus,
the Raman signatures obtained along with the interpretations provide a referential basis for further
studies and for potential applications of epitaxial silicene.
Germanene
The FS germanene shares a similar lattice structure to that of FS silicene (Figure 2(a)), where
the degree of buckling and bond lengths are 0.7 Å and 2.44 Å, respectively.24 The electronic
structure of FS germanene is predicted to feature an energy gap of 23 meV in addition to Dirac
fermion characteristics due to the larger spin orbit coupling (SOC) strength,24,63 altering its
electronic structure to produce novel transport and optoelectronic properties. In the case of the
phonon properties, the calculated E2g peak position is at around 290 cm-1, as shown in Figure 6(b).28
Furthermore, another peak located at 165 cm-1 corresponds to the out-of-plane transverse optical
(oTO) phonon branch at Γ, which is evoked by the larger buckling value compared to that of
silicene.28 Experimentally, germanene has been successfully fabricated on metallic and
semiconducting substrates, including Au(111),64-66 Pt(111),67 Al(111),68 Cu(111),69 Sb(111),70 and
MoS2,71 as there is no bulk allotrope of FS germanene in nature. The superstructures are formed on
the top of these substrates instead of 1×1 FS germanene, in which different buckling structures and
phonon properties are expected. Only the Raman spectra of germanene on the Au(111) surface have
been investigated, however, due to the short time since the experimental discovery of germanene in
2014.
There are several arrangements of Ge atoms on the Au(111) surface, and the Raman spectrum
8

plays a crucial role in the identification and confirmation of these structures. The first Ge layer
displays a disordered structure, in which there is no Raman signal. Thus, the first layer is attributed
to the formation of Ge-Au alloy, based on the absence of Ge-Ge covalent bonds that could
contribute to the Raman results, as shown in Figure 7(a).66 For the second layer, a rectangular
superstructure emerges with two Raman peaks at 179 cm−1 and 228 cm−1, respectively. Based on the
structural simulations, the high-resolution STM images identify this phase as √7×√7 superstructure
(in terms of 1×1 FS germanene), matching the 4×2√3 supercell of Au(111), as shown in Figure 6.
This structural mode is further confirmed by calculations of the vibration density of states (vDOS),
as shown in Figure 7(b), where the peaks located at 179 cm−1 and 228 cm−1 are correlated with the
oTO and E2g modes, respectively.66 The E2g peak position of the √7×√7 superstructure is far away
from those of FS germanene and Ge(111), which is a result of the large tensile strain and electron
doping effect of the underlying Au(111) substrate. In fact, the average Ge-Ge bond length in the
√7×√7 superstructure is around 2.563 Å, giving a tensile strain of 4.91% compared to that of FS
germanene (~2.443 Å ).24,28,66 The E2g mode in FS germanene is softened by this biaxial tensile
strain. Nevertheless, the oTO peak in the calculated result shows a weak dependence on the biaxial
tensile strain, and its position is close to that in the experimental results. The Raman spectra for
germanene on Au(111) display unique phonon modes distinct from those of Ge(111), which can be
used as the Raman fingerprint to identify germanene on the Au(111) surface. Furthermore, since the
in-plane Ge-Ge stretching mode (E2g) could be defined as a characteristic phonon mode in EPC
matrix elements, the shift of the E2g peak indicates enhancement of the EPC strength by up to 60%.
Such an enlarged EPC is of particular interest because it gives rise to Kohn anomalies and
superconductivity in the Bardeen−Cooper−Schrieffer superconductors,10,72,73 raising the prospects
for potential applications of this new 2D material.
9

Conclusions and Outlook
The frequencies of vibration depend on the masses of the atoms involved and the strength of
the bonds between them. In other words, more energy (a higher frequency) is required to vibrate a
stronger bond, leading to low/high Raman shifts in heavy/light atoms and weak/strong bonds. Both
the simulated and the experimental Raman results for graphene, silicene, and germanene follow this
trend, as summarized in Table 1. Due to this relationship, Raman spectroscopy is typically used to
show the presence of certain bonding types. Investigations of the vibrational properties of epitaxial
silicene and germanene aim for a better understanding of the structural differences and for
simplification of the seemingly complex phase diagrams. In addition to the typical E2g mode, the
out-of-plane vibrational mode could be identified in both silicene and germanene due to their
buckled structures, revealing the nature of the sp2-sp3 mixed state. The EPC strength of silicene and
germanene has been successfully evaluated by analysis of their Raman spectra. The one-to-one
relationship between various substrate-induced superstructures and their Raman fingerprints has
been established after tremendous work, indicating that the Raman spectrum is an unambiguous,
high-throughput, and nondestructive means to structural identification of these 2D materials.
Moreover, the Raman spectrum has been used to monitor the air stability of silicene field-effect
transistors operating at room temperature in practical application.
Nevertheless, the physical issues behind some of Raman peaks are still unclear. For example,
no accurate relationship between the Raman peaks in silicene (D1-D5) and the zigzag and armchair
edges has been established, requiring tip-enhanced Raman spectroscopy (TERS) to advance insights
into the edge effects on phonon modes. Recently, new results for TERS with 0.5 nm spatial
resolution have been achieved in silicene on Ag(111).74 Due to the selective enhancement of Raman
modes with vertical vibrational components in TERS, the vibrational properties of silicene phases,
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which differ only in the bucking direction of the Si-Si bonds, could be identified. Studies of Raman
spectra of silicene and germanene have only been performed on a few superstructures, which is far
from adequate, due to their highly difficult fabrication (in ultra-high vacuum conditions).
Considering the fact that various silicene and germanene reconstructions on different substrates
have been investigated, further research on the Raman spectra for these reconstructions are expected,
not only to detect more detailed vibrational information, but also to establish a general consensus
between the buckled structures and the electronic properties of these 2D materials.
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Figure 1 Γ and K point phonon-displacement pattern for graphene. E2g, B2g, A2u, and E1u are
vibrational modes at the Γ point, and A1g mode is from the K point. Green and pink balls represent
inequivalent carbon atoms. Red arrows show atom displacements.
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Figure 2 (a) Top and side views of the buckled honeycomb arrangement of predicted free-standing
silicene and germanene. The blue and pink balls represent buckled-up and buckled-down atoms,
respectively. (b) Simulated Raman spectrum of free-standing silicene.28
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Figure 3 Multiple superstructures of silicene on Ag(111) substrate. High-resolution STM images of
(a) √13×√13 phase (5 nm × 5 nm, Vs = -0.4 V, It = 3 nA), (b) 4×4 phase (5 nm × 5 nm, Vs = 30 mV,
It = 4 nA), and (c) √3×√3 silicene (5 nm × 5 nm, Vs = 0.5 V, It = 4 nA).44 (c)-(e) Correlated
illustrations of silicene in various phases for both top view and side view, in which the blue and
pink balls represent top-layer and bottom-layer Si atoms, respectively. The black rhombus in (d),
red rhombus in (e), and green rhombus in (f) stand for the unit cell of √13×√13 phase, 4×4 phase,
and √3×√3 phase, respectively.
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Figure 4 (a) Raman spectrum of the √13×√13/4×4 mixed phase. The Ag(111) substrate and Si(111)
are displayed as the references.47 (b) Raman spectra of √3×√3 silicene grown on a √13×√13/4×4
initial layer with different coverage. The intensity value of the √13×√13/4×4 spectrum is enlarged
by 10 times as a guide for comparison with the Raman spectra of √3×√3 silicene. “SL” denotes the
coverage of the √3×√3 silicene layer.47 (c) The peak position of the E2g mode is dependent on the
coverage. The inset of (c) is a sketch to illustrate the combined effects of strain and doping on the
E2g peak frequency.47
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Figure 5 (a) Raman spectrum of √3×√3 silicene layers with the fitted results in the frequency range
of 220-470 cm-1, from which the peaks could be identified and are marked as D1-D5.47 (b) STM
image of √3×√3 silicene with two typical edge arrangements: armchair/zigzag and
armchair/armchair, corresponding to two edge angles of 150° and 120°, respectively.47 (c), (d)
Schematic diagram of atomic structures of armchair and zigzag edges. Only the armchair edge
connects two different valleys in the Brillouin zone, as illustrated in the inset of (a).47
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Figure 6 (a) STM image of √7×√7 germanene on Au(111) substrate (10 nm × 10 nm, Vs = 20 mV, It
= 50 pA).66 (b) Simulated Raman spectra of free-standing germanene.28 Top (c) and side (d) views
of the relaxed model of the atomic structure of the √7×√7 germanene, corresponding to the 4×2√3
unit cell of the Au(111) configuration. The red rectangle represents the unit cell of √7×√7
germanene. The vectors a and b represent lattice directions. Δz stands for the degree of buckling of
the √7 ×√7 germanene.66 (e) Simulated STM image of √7×√7 germanene based on the model in (c)
and (d). (f) Juxtaposition of the relaxed model of the atomic structure, the simulated STM image,
24

and the experimental STM image (from left to right).66
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Figure 7 (a) Raman spectrum of √7×√7 germanene phase. The Raman results for the buffer layer
(first layer) and Ge-Au alloy are included as references.61 (b) Density functional theory simulations
of the vibration density of states of both free-standing germanene and √7×√7 germanene on
Au(111).66 (c) Comparative calculations of the vibration modes for both the free-standing
germanene and the √7×√7 germanene/4×2√3 Au(111) configurations from the dynamical matrix.66
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Table 1 Detailed structural parameters and Raman peak positions of graphene, silicene, and
germanene: bond length (dB), buckling height (HB), lattice constant (a), peak frequencies of the E2g
and oTO modes for both the free-standing predictions (FS) and the experimental results (EXP), and
the energy gap (∆).
E2g (cm-1)
Type

dB (Å)

HB (Å)

oTO (cm-1)
∆ (meV)

a (Å)
FS

EXP

FS

EXP

Graphene

1.4275

075

2.4675

160028 15802

n/a

n/a

~010,76

Silicene

2.32~2.3824,28

0.4428

3.8624

57028

53047

18028

23044

1.5524

Germanene

2.4224

0.728

3.97~4.0224,28 29028

22866

16528

17966

23.924
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